Introduction
Vasospastic angina (VSA) is an important functional cardiac disorder characterized by transient myocardial ischaemia due to epicardial coronary artery spasm. 1 Although it has been considered that morbidity of VSA is lower in the Caucasians than in the Asians, recent studies demonstrated that coronary spasm was noted more frequently in the Caucasians with chest pain and unobstructive coronary arteries than ever thought. 2 Accordingly, this cardiovascular functional disorder draws renewed attention. [3] [4] [5] Although VSA patients with optimal medical treatment with calcium channel blockers (CCBs) generally have a favoured prognosis, 6 some patients exhibit resistance to the conventional therapy and develop acute myocardial infarction or fatal arrhythmias. [7] [8] [9] Thus, it is important for physicians to accurately perform risk stratification in each VSA patient. A number of prognostic factors of VSA have been proposed. 8 , 10 We have recently developed a useful risk score by the Japanese Coronary Spasm Association (JCSA). 11 However, there is We have previously demonstrated that Rho-kinase plays a central role in the pathogenesis of coronary artery spasm 12 and that Rhokinase activity in circulating leucocytes is a useful biomarker for the diagnosis and disease activity assessment of VSA patients. 13, 14 However, the long-term prognostic impact of Rho-kinase activity in circulating leucocytes in VSA patients remains to be examined.
In the present study, we thus examined whether Rho-kinase activity in circulating leucocytes is a useful biomarker for VSA patients, and if so, whether it could provide additional benefits in the risk stratification when combined with the risk score by the JCSA. 11 
Methods
The present study was conducted following the ethics principles in the Declaration of Helsinki and approved by the Ethics Committees of Tohoku University (No. 2011-417). All patients provided written informed consent before study entry.
Study subjects and spasm provocation test
From December 2011 to May 2014, a total of 768 patients underwent diagnostic cardiac catheterization for evaluation of chest pain and/or ECG abnormalities at the Tohoku University Hospital. Of those, 233 patients, who had symptoms suspected of VSA (e.g. nitrateresponsive rest angina and/or marked diurnal variation in symptom onset and exercise tolerance), underwent acetylcholine (ACh) provocation test for coronary artery spasm. Acetylcholine provocation test and the measurement of Rho-kinase activity in circulating leucocytes were performed as previously reported. 13 The positive provocation test was defined based on the Guidelines by the Japanese Circulation Society, 6 as the development of >90% stenosis accompanied by chest pain and/or ischaemic ECG changes. Microvascular spasm was defined as the presence of myocardial lactate production despite the absence of angiographically demonstrable epicardial spasm during ACh provocation test associated with the reproduction of the patients' symptoms and ischaemic ST-segment changes. 15 Finally, in the present study, we examined 174 VSA patients and 50 non-VSA patients who had neither angiographically demonstrable epicardial spasm nor microvascular spasm with myocardial lactate production during ACh provocation test (see Supplementary material online, Figure S1 ). We have recently developed the JCSA risk score to provide the comprehensive risk assessment and prognostic stratification for VSA patients. The risk score was calculated based on the sum of weighted predictors present in individual patient.
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Endpoint and follow-up
The primary endpoint was cardiac events, including cardiac death, nonfatal myocardial infarction, and hospitalization for unstable angina.
Clinical long-term follow-up was performed using a questionnaire that was sent to patients and primary physicians in addition to the information available on the medical records.
Statistical analysis
Continuous variables are presented as means ± standard deviations (SD) or medians and interquartile ranges (IQR), and categorical variables as numerals and percentages. Group 
Results
Clinical characteristics of study subjects
In the present study, 174 VSA patients and 50 non-VSA patients were finally analysed (see Supplementary material online, Figure S1 ). Baseline clinical characteristics of the two groups are summarized inTable 1 and Supplementary material online, Table S1 . There was no significant difference in demographic background between the two groups, whereas Rho-kinase activity in circulating leucocytes was significantly higher in the VSA compared with the non-VSA group (VSA 1.20 ± 0.33 vs. non-VSA 1.07 ± 0.22, P = 0.003) ( Figure 1 ). Mean value of Rho-kinase activity in the VSA and the non-VSA groups was distributed on the two sides of the cut-off value 1.18 for the diagnosis of VSA as determined in our previous study. 13 In both groups, no significant correlation was noted between Rho-kinase activity and systemic inflammatory profiles, such as high-sensitivity C reactive protein (hsCRP) and white blood cell (WBC) count (see Supplementary material online, Figure S2A and B). Rho-kinase activity of VSA patients was significantly associated with anginal frequency as we previously reported (see Supplementary material online, Figure S3 ). 13 When we divided 174 VSA patients into two groups by a median value of baseline Rho-kinase activity at diagnosis (p-MBS/t-MBS = 1.20) , high Rhokinase activity (p-MBS/t-MBS > _ 1.20 , n = 87) and low Rho-kinase activity groups (p-MBS/t-MBS <1.20, n = 87), there was no difference in baseline clinical characteristics, including age, gender, or prevalence of coronary risk factors among the three groups ( Table 1) . While all VSA patients were treated with CCBs, nitrates including nicorandil were also used in one-third of them. Between the two groups of VSA patients divided by Rho-kinase activity, medications were almost similar except for statin use (see Supplementary material online, Table S1 ).
Rho-kinase activity in circulating leucocytes and clinical outcomes
During the median follow-up period of 16 months (IQR 9, 25 months), we found the occurrence of 10 cardiac events in the VSA group (5.7%), including cardiovascular death (n = 1) and hospitalization for unstable angina (n = 9), but none in the non-VSA group (see Supplementary material online, Table S2 ). Vasospastic angina patients tended to develop cardiac events more frequently compared with non-VSA patients (log-rank, P = 0.09) ( Figure 2A) . When dividing VSA patients into two groups by the median value of their Rhokinase activity of 1.20 , the high Rho-kinase activity group had a significantly worse prognosis compared with the low activity group or non-VSA group (log-rank; P < 0.05, respectively) ( Figure 2B ). In contrast, median values of hsCRP or WBC count of those VSA patients failed to estimate their long-term prognosis (see Supplementary mate rial online, Figure S4 ).
Rho-kinase activity in circulating leucocytes as a predictive biomarker of vasospastic angina patients
The linear regression analysis showed that the level of Rho-kinase activity of VSA patients was not correlated with other established prognostic factors, including history of out-of-hospital cardiac arrest (OHCA), smoking, angina at rest alone, significant organic coronary stenosis, multivessel spasm, ST elevation, or beta-blocker use (see Supplementary material online, Table S3 ). 11 As shown in Figure 3 , the ROC curve analysis showed that Rho-kinase activity in circulating leucocytes had a moderate accuracy for predicting the incidence of cardiac events in VSA patients with an area under the curve (AUC) of 0.74 [95% confidence interval (95% CI) 0.65-0.83], and a phosphorylated MBS ratio of 1.24 was identified as the best cut-off level. With regard to the value, the sensitivity and specificity for predicting cardiac events were 90% and 64%, respectively, while the negative predictive value was 99%. Univariable Cox proportional hazard analysis showed that significant organic stenosis, use of beta-blockers and Rho-kinase activity in circulating leucocytes > _1.24 were significantly correlated with the occurrence of cardiac events in VSA patients ( Table 2) . Furthermore, in the multivariable model, Rho-kinase activity in circulating leucocytes > _1.24 was the most highly correlated with future occurrence of cardiac events in VSA patients (hazard ratio 11.19 , 95% CI 1.41-88.95, P = 0.022) ( Table 2) .
Combination of the JCSA risk score and Rho-kinase activity in circulating leucocytes
The JCSA risk score assembles multiple prognostic factors and estimates future adverse cardiac events in VSA patients. 11 When we divided VSA patients into two groups by the median value of their JCSA risk score (3 points), whose baseline characteristics are shown in Supplementary material online, Table S4 , no significant difference in the occurrence of cardiac events was noted between the two groups ( Figure 4A) . However, as we subdivided each group according to Rho-kinase activity level in circulating leucocytes, the Kaplan-Meier survival analysis showed that VSA patients with high JCSA risk score (above 3 points) and a Rho-kinase activity level > _1.24 had a significantly worse outcome (log-rank test; P = 0.001) ( Figure 4B ). To evaluate the effect of the combination of the JCSA risk score and Rhokinase activity level, we used the logistic regression models of the individual factors and the saturated model with the both factors.
In the individual models, the JCSA risk score above the median value (Model 0) was not significant (P = 0.148), whereas Rho-kinase activity above the cut-off value (Model 1) was significant (P = 0.016). In the saturated model (Model 2), only Rho-kinase activity above the cut-off value was significant (P = 0.015) ( Table 3) . We compared the saturated model with the individual models by the likelihood ratio test and found that the saturated model provided significantly better performance (P = 0.00135) than the individual model with the JCSA risk score alone ( Table 4) . These results indicate that combination of the JCSA risk score and Rho-kinase activity in circulating leucocytes could substantially improve the risk stratification of VSA patients as compared with either alone. Acetylcholine-induced angiographical spasm pattern has been shown to be associated with the prognosis of VSA patients. 10 , 16 Thus, we further examined the prognostic impact of Rho-kinase activity by focal (n = 16) and diffuse (n = 145) spasm patterns (see Supplementary material online, Table S5 ). Although Rho-kinase activity in circulating leucocytes was significantly higher in the focal spasm group compared with the diffuse spasm group (1.29 ± 0.28 vs. 1.19 ± 0.35, P = 0.03), long-term prognosis was comparable between the two groups (see Supplementary material online, Figure S5A and B). However, when we subdivided each spasm pattern group according to the cut-off level of Rho-kinase activity of 1.24 , VSA patients with high Rho-kinase activity levels had a significantly worse outcome irrespective of spasm pattern (log-rank test; P = 0.042) (see Supplementary material online, Figure S5C ). These results suggest that Rho-kinase activity has more significant prognostic impact in VSA patients than angiographical spasm patterns.
Discussion
The major findings of the present study were as follows: (i) cardiac events occurred more frequently in VSA patients with high Rhokinase activity in circulating leucocytes compared with those with low Rho-kinase activity or non-VSA patients, (ii) Rho-kinase activity value of 1.24 was identified as the best cut-off level for predicting the incidence of cardiac events in VSA patients, (iii) multivariable analysis for cardiac events showed that Rho-kinase activity in circulating leucocytes > _1.24 was the significant and independent prognostic factor of VSA patients, and (iv) combination of the JCSA risk score and Rho-kinase activity substantially improved risk stratification of VSA patients as compared with either alone.
Rho-kinase activity in circulating leucocytes as a prognostic biomarker of vasospastic angina
We previously demonstrated that Rho-kinase activity in circulating leucocytes was significantly enhanced in VSA patients, and optimal medications including CCB could decrease the enhanced Rho-kinase activity along with improvement of symptoms. 13 Additionally, Rhokinase activity in VSA patients showed a distinct circadian variation with a peak at early morning, associated with alterations in coronary basal tone and vasomotor reactivity. 14 Thus, Rho-kinase activity in circulating leucocytes is useful for diagnosis and disease activity assessment of VSA. In clinical practice of cardiovascular diseases, we obtain considerable benefits from biomarkers that could reflect disease activity of the moment and predict future adverse events, such as B-type natriuretic peptide (BNP) in patients with heart failure and high-sensitivity cardiac troponin T or I in those with acute coronary syndrome (ACS). 17, 18 In the present study, we tested our hypothesis that Rho-kinase activity in circulating leucocytes is also useful for risk stratification of VSA patients. Indeed, we found that VSA patients with high Rho-kinase activity (above a median value of this cohort) developed cardiac events more frequently than those with low Rhokinase activity, although there was no difference in medical treatments including CCBs and long-acting nitrates between the two groups. Importantly, as the linear regression analysis demonstrated, the level of Rho-kinase activity in VSA patients was independent of any other established prognostic factors of VSA, such as history of OHCA, smoking, angina at rest alone, significant organic coronary stenosis, multivessel spasm, ST elevation, and beta-blocker use. Additionally, the significant correlation between Rho-kinase activity > _1.24 and the incidence of cardiac events was noted in a multivariable model including established predictors of VSA listed above as covariates. These results indicate that Rho-kinase activity in circulating leucocytes is a reliable prognostic biomarker in VSA patients. It has been recently demonstrated that enhanced Rho-kinase activity in circulating leucocytes was correlated with the poor outcome in patients with various cardiovascular disturbances other than VSA, such as cardiovascular risk factors, 19 ACS, 20 and congestive heart failure (CHF). 21 However, systemic Rho-kinase activity could be enhanced non-specifically in a number of thrombotic, inflammatory, or malignant disorders. Thus, in the clinical settings of ACS and CHF, the prognostic implication of Rho-kinase activity might be overestimated by those potential confounding factors. On the other hand, as evidenced by the observation that fasudil, a selective Rhokinase inhibitor, could suppress coronary hyperconstricting responses in VSA patients, enhanced Rho-kinase activation underlies the pathogenesis of VSA. 12 Thus, we consider that Rho-kinase activity in circulating leucocytes could be a useful prognostic biomarker for VSA patients, although the precise mechanisms for the correlation between enhanced Rho-kinase activity and increased future risk in VSA patients remain to be examined in future studies.
In clinical practice, we need to be aware of the 2 key values of Rho-kinase activity in circulating leucocytes, 1.18 and 1.24 , which are the best cut-off levels for the diagnosis 13 and the prediction for poor prognosis of VSA, respectively. As BNP is widely used in cardiovascular practice for screening of HF patients with cut-off level of 100 pg/ mL and for identification of those at high risk of developing HF with cut-off level of BNP 40 pg/mL, we could apply the 2 key values of Rho-kinase activity in daily practice of VSA patients. As we have previously demonstrated that 3 months of optimal medical treatment including CCB was significantly decreased the Rho-kinase activity of VSA patients along with symptomatic improvement, 13 repeated measurements of Rho-kinase activity after administration of CCBs could provide useful information about the prognosis of VSA patients.
Synergistic effect of the combination of the JCSA risk score and Rho-kinase activity
In the JCSA study, we have previously identified novel prognostic factors of VSA, such as history of OHCA and specific angiographic findings during the spasm provocation tests. 8, 10 Subsequently, we developed the JCSA risk score to assemble those multiple prognostic factors and predict the incidence of future adverse cardiac events in VSA patients. 11 As the prediction rate of the JCSA score is 90%, the score appears to have an acceptable reliability for clinical use. However, in the present study, we found no significant difference in the incidence of future cardiac events between the two groups of VSA patients when simply divided by their JCSA risk score above or below the median value (3.0 points). However, when the same subjects were further divided into four subgroups by combining the JCSA risk score and the Rho-kinase activity in circulating leucocytes, VSA patients with both high JCSA risk score and high Rho-kinase activity showed a worst prognosis compared with other three Figure 4B) . Furthermore, the likelihood ratio test demonstrated that combination of the JCSA risk score and Rho-kinase activity had an incremental value in predicting cardiac events compared with the JCSA risk score alone. These results suggest that the addition of Rho-kinase activity to clinical risk assessment with the JCSA risk score enables us to identify VSA patients at high risk with a high degree of accuracy. In particular, VSA patients of the intermediate risk stratum (JCSA risk score, 3-5 points), in which approximately half of the subjects of the present study were included, were found to have a wide range of occurrence of MACE from 4.2% (JCSA risk score, 3 points) to 12.3% (JCSA risk score, 5 points). 11 Thus, we consider that VSA patients assigned to the intermediate stratum by the JCSA risk score would obtain great benefit by measurement of Rhokinase activity in circulating leucocytes. Importantly, the disease activity of VSA often fluctuates during the course of the disease and some patients become intractable even with the conventional treatment.
Thus, Rho-kinase activity in circulating leucocytes of VSA patients could provide additional information about disease activity that is not provided by the JCSA risk score.
Study limitations
Several limitations should be mentioned for the present study. First, a small number of events during the follow-up period reduced the statistical power of the present study and might have led to data overfitting. However, we confirmed that high level of Rho-kinase activity was an independent predictor of cardiac events even after adjustment with other prognostic risk factors. Second, we used the composite primary endpoint in the present study. The majority of the cardiac events were hospitalization for unstable angina. Repeated angina is a subjective symptom, and the decision of admission was left to an individual physician. However, in the present study, unstable angina was defined as recurrence or worsening of chest pain or discomfort associated with objective ischaemic ECG changes. Furthermore, the proportion of hospitalization for unstable angina to overall cardiac events in the present study (80%) was comparable with the previous studies. 8, 16 Third, the present study eventually did not include patients with a severe significant organic stenosis of 90% or greater on coronary angiography. If those patients have rest angina and/or marked diurnal variation in symptom onset and exercise tolerance, aggressive functional assessment of coronary artery would be desirable to identify the precise mechanism responsible for angina. 4, 5 The prognostic impacts of Rho-kinase activity in circulating leucocytes in VSA patients with the comorbidity of severe significant organic stenosis remains to be elucidated. Fourth, although coronary microvascular angina may be caused by various pathophysiologic mechanisms, we only excluded the patients with ACh-induced microvascular spasm. Thus, patients with microvascular angina with negative response to ACh provocation test might have been included in the non-VSA group. Fifth, management of medical treatment during the follow-up period was individualized at the discretion of each attending physician on the basis of symptoms. Finally, we had no data regarding the changes in symptom or quality of life (e.g. Seattle Angina Questionnaire) and Rho-kinase activity in circulating leucocytes during the follow-up period. This issue remains to be examined in future studies.
Conclusions
The present study demonstrates that a high level of Rho-kinase activity in circulating leucocytes is an independent and useful prognostic biomarker for VSA patients. The assessment of Rho-kinase activity in combination with the JCSA risk score could substantially improve the risk stratification of VSA patients.
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